AtNHX1, a vacuolar cation/proton antiporter of Arabidopsis, plays an important role in salt tolerance, ion homeostasis and development. We used the T-DNA insertional mutant of AtNHX1 (nhx1 plants) and Affymetrix ATH1 DNA arrays to assess differences in transcriptional profiles and further characterize the roles of a vacuolar cation/proton antiporter. Mature, soil-grown plants were used in this study to approximate typical physiological growing conditions. A comparison of plants grown in the absence of salt stress yielded many transcripts that were affected by the absence of the AtNHX1 vacuolar antiporter. Furthermore, changes in gene expression due to a non-lethal salt stress (100 mM NaCl) in the nhx1 plants were significantly different from the changes seen in wild-type plants. The nhx1 transcriptome was differentially affected when the plants were grown in the absence or presence of salt. In conclusion, in addition to the known role(s) of AtNHX1 on ion homeostasis, the vacuolar cation/proton antiporter plays a significant role in intracellular vesicular trafficking, protein targeting, and other cellular processes.
Introduction
Cellular ion homeostasis, the maintenance of optimal cellular ion concentrations, is of fundamental importance for growth and development in plants. Typically, plant cells maintain a low cytosolic Na þ concentration that is attained by the operation of Na þ /H þ antiporters located at both the plasma membrane (Shi et al., 2000) and tonoplast (Apse et al., 1999) . Electrochemical H þ gradients, generated by H þ -pumps at the plasma membrane (H þ -ATPase) and the tonoplast (H þ -ATPase, H þ -PP i ase), provide the energy used by the plasma membrane-and tonoplast-bound Na þ /H þ antiporters to couple the passive movement of H þ to the active movement of Na þ out of the cell and into the vacuole, respectively (Blumwald, 1987) . In Arabidopsis thaliana, the NHX family of vacuolar Na þ /H þ antiporters comprises six members (AtNHX1-6). All vacuolar AtNHX proteins share some basic structural similarities, and AtNHX1-5 show functional Na þ /H þ activity (Aharon et al., 2003; Apse et al., 1999; Yokoi et al., 2002) . Much interest in the occurrence and activity of vacuolar Na þ /H þ antiporter activity in plants has been related to the study of salinity tolerance. Increased expression of AtNHX1, by transformation with AtNHX1 driven by a strong constitutive promoter, has been shown to improve the tolerance to salinity of Arabidopsis (Apse et al., 1999) , Brassica , and tomato ). These results suggest that an increased capacity for vacuolar Na þ sequestration is important for salinity tolerance. Other functions such as the regulation of vacuolar pH have also been suggested for NHX genes. The developing flower buds of morning glory change from purple to blue as the petals open. This process depends on the activity of an NHX1 homologue in Ipomoema nil . However, it is not likely that this vacuolar pH regulation is dependent on sodium. The counter cation for proton extrusion from the vacuole is more likely to be potassium. AtNHX1 mediates the transport of K þ as well as Na þ in tonoplast vesicles isolated from tomato plants transformed with an overexpression construct of AtNHX1 ). AtNHX1 mediates both K þ /H leaves of the nhx1 plants had much lower Na vacuoles in Arabidopsis and also that its contribution to ion homeostasis is important not only for salinity but also for developmental processes. We conducted a transcriptome analyses using DNA microarrays of wild-type and nhx1 plants grown in the absence and presence of salt to further characterize the role of AtNHX1. Transcriptome studies of salt stress have uncovered many aspects of altered transcriptional profiles in response to salt stress (Kawasaki et al., 2001; Kreps et al., 2002; Maathuis et al., 2003; Seki et al., 2002) . In addition to the type of microarrays and the methods of analysis used, this work differs from the above-mentioned studies in several other aspects. Plants were grown in soil and exposed to sub-lethal levels of salinity for a relatively long period of time in order to characterize effects of altered ion homeostasis under typical growing conditions.
We used nhx1 mutants to further characterize the role(s) of AtNHX1 in the Arabidopsis salt-stress response, and the effect(s) of altered ion homeostasis on the expression of other transcripts. Our results suggest that, in addition to its roles in ion homeostasis and salt tolerance, AtNHX1 influences other cellular processes.
Results and discussion

Data set filtering and analyses
This report focuses on three different comparisons of global transcription levels using AffymetrixÒ GeneChipÒ microarrays (Affymetrix, Santa Clara, CA, USA). The first comparison measures differences of transcription between nhx1, an Arabidopsis thaliana plant line with a T-DNA 'knockout' insertional mutation of the vacuolar Na þ /H þ antiporter AtNHX1, and wild-type Arabidopsis grown under 'control' conditions (without salt stress). The second and third comparisons examine the transcriptional changes resulting from 2 weeks extended exposure to 100 mM NaCl treatment of both nhx1 and wild-type plants, with control treatment profiles for the respective plant lines providing a baseline. To determine meaningful differences between samples, two different statistical cutoffs were used: (i) a cross-wise comparison ratio analysis method to establish transcripts that had at least a 50% change, and (ii) a Student's t-test comparison to verify that the differences were consistent (see Experimental procedures). Among the 13 144 transcripts with reliable expression data, 3 780 genes met at least one of these criteria in at least one of the three comparisons. Data for these transcripts can be found online at http:// blumwald.ucdavis.edu/microarrays.shtml Using both statistical methods, the expression levels of 83 genes were significantly increased in the nhx1 knockout line compared with the wild type, and the expression levels of 98 genes were significantly decreased under control growing conditions. After 2 weeks of growth in the presence of 100 mM NaCl, the wild-type line displayed a significantly increased expression of 133 transcripts, and a significantly decreased expression of 252 genes, whereas the nhx1 knockout line had 128 and 219 genes with expression that was significantly increased or decreased, respectively, when compared with growth in the absence of salt treatment. Tables with the comparison data for the significantly changed transcripts can be viewed with the online version of this article (Tables S1-S4).
The above-mentioned genes were classified according to a number of functional categories, based on a modification of the functional annotation suggested by the MIPS MATDB web database (TIGR and TAIR websites were also consulted, particularly in those cases of unclear gene function). For all transcripts, functional classification was assigned based on the most likely role of the predicted gene product (see Experimental procedures).
The transcripts reported as significant in this report are ones with primarily mid-level expression. By eliminating transcripts that were not considered present, based on perfect match/mismatch probe comparisons (see Experimental procedures), transcripts displaying low expression levels and inherent unreliability were removed from the analysis. On the other end of expression levels, because only transcripts with at least a 50% change were analyzed, many of the transcripts with higher levels of expression were not represented, although there may be a consistent pattern of change between experimental conditions. Further significance was established using the Student's t-test using a cutoff of P < 0.05. Many transcripts, at all ranges of expression, met this second criterion without showing a minimum change of 50%. The experimental conditions used in this study (2 weeks of growth in the presence of non-lethal NaCl concentrations, growth in soil, 1-month-old seedlings, heterogeneous tissue sampling) could allow for the identification of minimal, albeit meaningful, changes of expression. Nevertheless, these minimal changes are out of the scope of this report.
The microarray analyses were partially verified (18 transcripts) using a quantitative real-time polymerase chain reaction (q-RTPCR) approach (see Experimental procedures) (Figure 1) . Altogether, the two methods provided correlating data. The trends of both increased and decreased expression for the comparisons were similar. While there were several examples of q-RTPCR comparisons with log 2 ratios smaller (and some larger) than what was obtained with microarrays, both methods agreed. The q-RTPCR data had larger standard errors because of increased sensitivity (Klien, 2002) and fewer experimental data points (a cross-wise comparison was not performed with q-RTPCR as the data and comparisons of each data replicate were analyzed separately).
While it is difficult to obtain consistent results from biological replicates using microarray analysis (Lee et al., 2000; Pan et al., 2002) , especially with a heterogeneous tissue sample (i.e. whole leaves) as in this study, the simple methods used here established transcripts that were significantly altered in their expression levels. The statistical confidence level of our results suggests that more than 95% of the results reported are the result of real biological changes of transcription. Not all of the transcripts that met the full criteria set by this report are discussed. Although each significant change of transcription may reflect the key role of a particular gene, this report focuses on those transcripts that, based on a current understanding of biological processes, would appear most meaningful to the role of AtNHX1 and/or the response of Arabidopsis to salt stress.
Transcriptional differences due to the absence of a functional AtNHX1 T-DNA insertional mutants of AtNHX1 (nhx1) displayed altered ion homeostasis, smaller leaves and epidermal cells, and other phenotypical characteristics . In order to further characterize the role(s) of AtNHX1 in plant development and other key physiological processes, the transcriptional profiles of wild-type plants and the insertional mutants were compared by DNA microarray analyses. Table S2 ) illustrates the functional categories represented by those 83 genes with increased expression in the nhx1 line. The only functional group not represented among these genes was energyrelated genes, suggesting that in the nhx1 plants there was not a surplus of energy production and/or utilization. Moreover, only one translation-associated transcript, with an undefined role, appeared to be induced suggesting that there was no significant increase in overall protein synthesis in the knockout plants.
Increased expression. Figure 2(a) (also
Fourteen genes encoding transcription factors and other DNA-binding proteins displayed increased transcription in the nhx1 line (Table 1) . Most of these (11 genes) have domains involved in the regulation of specific gene expression and developmental regulation. One transcript that stands out with regard to the possible influence of AtNHX1 on developmental processes is a CCCH-type [PF00642] zincfinger (At1g19860) that has similarities to the homeobox LUMINIDEPENDENS protein At4g02560, known to regulate flower timing and other cell proliferation events (Aukerman al., 1999) . This transcript may be contributing to the earlier bolting and flowering phenotype of the nhx1 line when compared with wild type . The other three genes encoding DNA-binding proteins are associated with more global aspects of gene transcription, including a telomere-binding protein (TRB2/At5g67580) that may be working in conjunction with a putative DNA repair protein (rad23/At1g16190), to possibly address oxidative damage and abnormal cell cycle conditions in the nhx1 line (Narayan et al., 2001) . Five genes encoding transporters were significantly upregulated in the nhx1 line. These genes encode a heavy metal-binding protein (At1g23000) similar to a copper homeostasis factor, a potassium transporter (AtKT7/HAK7/ KUP7/At5g09400); a nodulin-like protein (At2g16660) with an unassigned transport role, a sugar transporter (At4g16480); and an uncharacterized ABC-transporter (AtMRP9/ At3g60160). Each of these proteins may be playing an important compensatory role in the knockout line, although that remains to be established by other methods. AtKT7/ HAK7/KUP7 complements Escherichia coli mutants deficient in K þ uptake, confirming its role in K þ transport (Ahn et al., 2004) . The mechanisms by which this protein contributes to K þ uptake and ion homeostasis are not fully understood and it has been postulated that some of the members of the gene family are involved in vacuolar transport (Senn et al., 2001) . In Mesembryanthemum crystallinum the expression of these genes was enhanced by K þ starvation (Su et al., 2002) further suggesting their role in K þ homeostasis.
AtNHX1 mediates the transport of Na þ and K þ into the vacuoles (Apse et al., 1999; . We hypothesize that the absence of functional AtNHX1 affects the movement of K þ into the vacuole , perturbing K þ homeostasis and promoting the induction of AtKT/HAK/KUP7. Also of interest are the 10 transcripts encoding proteins that appear to participate in the processing, modification, and targeting of other proteins to cellular components that also showed increased expression in the nhx1 line. In particular, a putative clathrin-binding protein with an ENTH [PF01417] domain (At2g43160); a protein (At3g55150) that is similar to a yeast exocytosis gene -EXO70 [PF03081]; a protein (At3g17960) with strong similarity to a TOC (Toc64) subunit in pea; a PBS lyase HEAT-like repeat [PF03130] containing protein (At5g19820) likely involved in protein nucleus import and similar to karyopherin b3 from humans; an importin b-2 subunit family protein (At4g27640) also with a HEAT-domain and likely also involved in protein nucleus import; a dynamin-like protein similar to phragmoplastin (At3g19730); and an unconventional myosin protein (At2g31900). The presence of the transcripts related to vesicular trafficking is notable because Nhx1p, the yeast ortholog of AtNHX1, plays an important role in protein trafficking in yeast (Ali et al., 2004; Bowers et al., 2000) . The change in expression of genes encoding proteins involved in cytosolic protein trafficking (dynamin and clathrin-binding proteins) and trafficking to the nucleus and organelles (small GTPase, TOC, karyopherin) suggests altered endosomal protein trafficking in the nhx1 knockout line.
Decreased expression. Of the 98 transcripts that had significantly lower expression levels in the knockout line ( Figure 2b , Table 2, Table S3 ), four were translationassociated (ribosomal) genes and seven were energyassociated, suggesting compromised synthetic and catabolic activities in the nhx1 plants. This was also reflected in the 17 metabolism-associated transcripts that were similarly diminished.
Although it is difficult to elucidate the significance of the downregulation of 18 genes encoding different transcription factors and DNA-binding proteins, they may be key to the developmental and phenotypical characteristics of the nhx1 line. Of these transcription factors and DNA-binding proteins with diminished expression levels, seven appear to interact with transcriptional processes in a non-specific manner and may be part of more general transcription or replication processes, including an RNA polymerase subunit (At5g24120), a nuclear cap-binding protein (CBP20/ At5g44200), a chromosome assembly homolog (At3g52900) and genes encoding histone components (At2g38810, At2g2870). These diminished transcripts are likely involved in cell division and growth, and the decreased expression may be contributing to the smaller cell size and other developmental abnormalities of the nhx1 line . The other 11 diminished transcripts include genes with putative zinc finger, homeobox, or other domains associated with more direct regulation of gene expression. Interestingly, in this category is a NAM family [PF02365] transcript (RD26/ At4g27410), previously shown to be drought-inducible (Taji et al., 1999) , suggesting that this transcript differentially responds to conditions of altered homeostasis.
In addition to AtNHX1, two other genes encoding proteins involved in ion homeostasis also showed diminished expression: a copper-binding/homeostasis factor family protein (GMFP7-like/At3g48970) and a metallothionein-like protein (MT1C/At1g07610) that also appears to bind copper. Neither of these transcripts appears to encode transmembrane transporters, although they might reflect a possible role of metal-binding proteins for adaptation to conditions of altered ion homeostasis. Copper ions are essential cofactors for enzymes implicated in the oxidative stress response and other important cellular processes (Rees and Thiele, 2004) , and a link between copper and vacuolar processing has been suggested (Szczypka et al., 1997) . While a direct link between copper-processing/signaling and the AtNHX1 antiporter has not been established, these results (and the results shown later in this report) suggest a significant relationship between the two cellular components.
Five transcripts associated with protein processing and vesicular trafficking were also downregulated in nhx1 plants. Among these, genes encoding a clathrin coat-like protein (At3g50860), a DnaJ [PF00226] protein (At3g14200) and a heat-shock protein (At1g53540). Also reduced in expression were a UBX (ubiquitin binding) domain-containing [PF00789] protein (At4g10790) and a putative Golgi N-acetylglucosaminyl transferase [PF05060] (At2g05320) that may be involved in protein degradation and modification, respectively. The decreased expression of genes encoding proteins involved in cytosolic protein traffic (DnaJ, clathrin coat, small heat-shock), Golgi processing (N-acetylglucosaminyl transferase) and protein modification (UBX) further suggest altered protein trafficking in the nhx1 line. These results, together with the processing-related transcripts with increased expression noted in the previous section, would suggest that AtNHX1 plays a role in the regulation of vesicular trafficking components, similar to the NHX1 homolog, Nhx1p, in vesicular trafficking in yeast (Bowers et al., 2000) .
Absence of AtNHX1 alters transcriptional response to salt stress
In order to characterize changes in transcriptional levels induced by the growth of the wild-type and nhx1 plants in the presence of salinity, we examined the transcriptional changes resulting from a 2-week extended exposure to 100 mM NaCl treatment of both nhx1 and wild-type plants with control treatment for the respective plant lines providing baseline expression values. Analysis of the transcripts that are increased after 2 weeks of salt stress in these plants illustrates the differences and similarities in the adaptation (rather than the acute responses) of the two lines to a nonlethal high salt concentration and could shed light on the antiporter role(s) of AtNHX1 in this response (Figure 3a , Tables 3 and 4 ).
Increased expression. Several genes encoding energyassociated proteins were induced in both the wild-type (11) and knockout (16) plants grown in the presence of 100 mM NaCl (Table 3) . Some of these genes were significantly enhanced in both lines (orf143, ofrX, orf114, At2g40100). Others were significantly increased in the knockout plants and showed similar trends of enhanced expression in the wild-type plants (At2g07695, ndhB, At5g22500, At1g31600, ycf2.1, orf153a, ycf3, At5g633030). Similarly, some genes that were significantly increased in the wild-type plants showed trends of induced expression in the nhx1 plants (rbcL, At1g23020). The overall similarities of salt-induced trends among energy-related transcripts would suggest a commonality of salt stress adaptation between the lines, with the stronger trends in the knockout plant a result of increased salt sensitivity. However, there are some intriguing differences between the two lines. For example, the expression of a mitochondrial gene encoding subunit 2 of cytochrome oxidase (COX2) was increased in the wild-type plants whereas it appeared somewhat diminished in the knockout plants, yet the expression of a nuclear gene encoding another cytochrome c oxidase subunit 2 (At2g07695) was increased in the knockout plants and not in the wild-type plants. The expression of mitochondrial and nuclear genes encoding cytochrome c oxidase subunits was differentially regulated in Arabidopsis plants grown in the presence of metabolizable sugars or different nitrogen sources (Curi et al., 2003) , although an understanding of the differential expression of the two isoforms of this subunit within the same organism is still obscure. Nonetheless, our results would suggest a link between the altered ion homeostasis of the knockout plants and the differential regulation of expression of the cytochrome c oxidase complex subunit. Additionally, At3g15352 was significantly downregulated by salt in the nhx1 but not in the wild-type plants. At3g15352 encodes a protein with homology to the yeast copper chaperone (Cox17) that delivers copper to the cytochrome c oxidase complex (Rees and Thiele, 2004 and references therein). These results further suggest that altered cellular ion homeostasis (due to the lack of AtNHX1) also affects copper-mediated processes and as a consequence organelle function.
Another interesting pattern of expression among the saltinduced energy-associated transcripts was seen with the genes encoding subunits of the chloroplast NDH complex. While two transcripts encoding subunits ndhB and ndhC significantly increased in the knockout line, with a lesser but similar pattern in the wild type, subunit ndhH only appeared to be induced by salt in the wild-type line. Previous studies have shown that under conditions that inhibited PSII and stimulated cyclic electron transport and PSI, the activity of NADH dehydrogenase increased and this increase was correlated with an increased amount of the subunit ndhH (Quiles and Lopez, 2004) . The increased expression of genes encoding subunits of the NADH dehydrogenase complex in both wild-type and knockout plants can be explained by the known inhibition of PSII by salt stress (Lu and Vonshak, 2002) . Nonetheless, the lack of induction of nadH suggests an effect of the altered cytosolic Na þ content on chloroplast homeostasis during salt in the knockout plants. A further explanation for the different levels of expression of organelle transcripts may be due to the diminished expression of key regulatory elements of plastid gene expression, which will be discussed later. The expression of genes encoding for a thioredoxinrelated protein (At1g50850) and a phospholipid hydroperoxide glutathione peroxidase (AtGPX6/At4g11600) was enhanced in the wild-type plants but not in the knockout plants. Thioredoxins act as key regulators of cellular redox balance in the cell by reducing disulfide bridges of a large number of targets (Balmer et al., 2004) . Phospholipid hydroperoxide glutathione peroxidases are key enzymes in the protection of membranes against oxidative stress (Nakagawa and Imai, 2000) and AtGPX6, in particular, responds to a variety of abiotic stresses and hormonal treatments, particularly salt and cold (Milla et al., 2003) . Furthermore, transcript levels of glutathione peroxidases were enhanced during salt stress of salt-tolerant varieties of pea (Hernandez et al., 2000) and tomato (Mittova et al., 2002) , but not in the salt-sensitive varieties. Perhaps the enhanced salt sensitivity of the nhx1 plants is also the reason for the lack of induction of these transcripts within the mutant line.
In response to salt stress, the wild-type line showed the induction of 12 genes encoding transport-related proteins (Table 3) but the nhx1 line did not show a significant induction of any transcripts in this category. The increased expression of the transporters in the wild-type line would suggest roles in the salt response and maintenance of ion homeostasis. The lack of induction of these genes in the nhx1 plants likely reflects a compromised capacity to maintain a high vacuolar ion concentration during salt stress as a result of the absent antiporter. Only two of theses transcripts, encoding a nodulin-like protein and an amino acid transporter (Table 3) , showed a trend of salt induction in the nhx1 line (supported by relatively low standard error and P-values). The other transport-related transcripts induced in the wild-type line by salt did not show meaningful changes in patterns of gene expression in the knockout line. Notably, there was no significant induction of AtNHX1 in the wild-type or other Na þ transporters in either plant line in response to salt stress. These results contrast those reported earlier showing the induction of AtNHX1 by salt (Shi and Zhu, 2002) . This apparent difference is most likely due to the different experimental conditions used. Shi and Zhu (2002) grew the plants in agar plates in a high K þ medium and the plants were exposed to lethal salt concentrations for 5 h. In the present study, plants were grown in pots with a low K þ medium and exposed to sub-lethal salinity levels for 2 weeks. As a result the transporters induced here are representative of a more adaptive response of wild-type Arabidopsis to long-term stress, and the absence of significant transporter inductions in the nhx1 line suggests that the lack of functional AtNHX1 effects a different overall adaptive response to salt stress beyond the increased movement of ions across membrane barriers. Most of these transporters appear to be already increased (at least somewhat) in the nhx1 line even in the absence of salt stress (data not shown) suggesting that the mutant plants had already compensated to the stress conditions caused by ionic imbalance, and increasing the salt stress did not engender further significant change. Among the transcripts encoding genes for proteins putatively associated with protein processing and modification, the wild-type and the nhx1 mutant plant lines displayed notably different trends of induction as a consequence of salt stress (Table 3) . Of the seven transcripts in this category that were significantly induced by salt in nhx1, only At2g33735 (containing a DnaJ N-terminal domain) was also increased in both the nhx1 and wild-type plants by salt. On the contrary, of the eight processing transcripts induced by salt in the wild type, at least three showed a similar pattern, albeit moderate, in the knockout line as well. These transcripts encode a kinesin-like calmodulin-binding protein (At5g65930), a ubiquitin carboxyl terminal hydrolase (At2g24640), and a protein (At5g65370) with an ENTH domain [PF01417] related to clathrin assembly different than the protein with the same domain described earlier (At2g43160, Table 2 ) that had higher expression in the nhx1 line under controlled conditions. These changes further implicate AtNHX1 as an important component influencing cellular trafficking and processing.
Decreased expression. A number of genes displayed a significant decrease in expression in both wild-type (235) and nhx1 knockout (206) plants exposed to salt stress ( Tables S5 and S6 ). These genes displayed a similar functional breakdown (Figure 3 ), suggesting that there was a similar overall response of decreased gene expression. However, as will be discussed later, there was little overlap of significantly downregulated transcripts. Of the diminished transport-related transcripts, most of those that were significantly downregulated by salt in the wild type showed a similar but less significant trend of downregulation in the nhx1 line. Additionally, of the transport-related transcripts significantly diminished in the nhx1 line, four showed a similar trend in the wild-type plants (Table 4 ). There were a few salt-diminished transportrelated transcripts that showed notably different profiles between the two lines. For example, a putative potassiumdependent sodium-calcium exchanger (CAX7/At5g17860) was significantly reduced in the wild-type line, but did not change as a result of salt treatment in the nhx1 line. In addition, of the transcripts downregulated during salt stress in the nhx1 line that did not display a similar trend in wildtype salt-treated plants were a putative metal transporter gene (At5g26330), an integral membrane phosphate translocator gene (At1g06470), and a putative potassium-proton antiporter (KEA4/At2g19600) belonging to the CPA2 family of Arabidopsis cation/proton antiporters (Mä ser et al., 2001). Only one transcript encoding a putative member of the multi antibacterial extrusion (MATE) family [PF01554] of transporters (At4g21910) appeared to be significantly downregulated in the nhx1 line because of salt and yet had a trend of upregulation because of salt in the wild type. The wild-type and nhx1 lines showed significantly diminished expression of 32 transcription-related transcripts each (Table S4) . Four transcripts encoding proteins containing WRKY domains [PF03106], shown to play key roles in both biotic and abiotic stress (Eulgem et al., 2000) , were downregulated only in the nhx1 plants (Table 4 ). The further significance of diminished transcription of the different transcription-related genes and how these differences reflect the altered phenotype and increased salt sensitivity of the nhx1 line is out of the scope of this report, but could lead to future studies of these transcription factors in terms of their contribution to cellular homeostasis.
In the wild type, the structure-related transcripts that were significantly decreased appear primarily related to processes that modify the cell wall and other exterior components of cell structure. The trends of altered expression in the salttreated nhx1 line suggested diminished expression for these same genes, again supporting a similar, yet weaker (less significant), salt response in the mutant line. In addition, the nhx1 line showed a significant reduction of a handful of other structure-related transcripts, although the encoded proteins appear to instead contribute primarily to internal cellular structure and organization, including a tubulin (At1g50010), a heavy chain myosin (At2g20290), and a kinesin motor (At1g59540). Only the tubulin transcript also showed a weakly similar trend of reduced expression in the wild type because of salt. Overall this suggests that the internal components of cell structure were more affected by salt stress in the nhx1 line compared with the wild type. Among the 'exterior' structure-related transcripts, the mutant line also displayed a significant reduction in the expression of genes encoding a b-expansin (At4g28250) and an extensin (AtEXT1/AtEXT4/At1g76930). Expansins are key regulators of cell wall extension during growth (Li et al., 2003) and the overexpression of expansins increased the growth of the transgenic plants (Cho and Cosgrove, 2000) . In Arabidopsis, the expression of AtEXT2 was suppressed by salt stress and the expression of AtEXT4 was partially inhibited (Yoshiba et al., 2001) . The inhibition of a b-expansin and an extensin in nhx1 would result in decreased expansion and increased secondary wall formation, perhaps contributing to the altered phenotype (reduced leaf and cell size, increased salt sensitivity) of the nhx1 knockout plants .
One signaling transcript that was significantly downregulated by salt in nhx1, but not significantly altered in the wild type, encodes GUN4/At3g59400. GUN4 participates in plastid-to-nucleus signaling by regulating Mg-protoporphyrin IX, an intermediate in chloroplast biosynthesis (Larkin et al., 2003) . Additionally, downregulated by salt in nhx1, but appearing slightly upregulated in the wild-type line, was CRR2/At3g46790, a gene whose function as a molecular switch regulates the expression of the chloroplast NDH complex, specifically ndhB (Hashimoto et al., 2003) . The salt-dependent differences in CRR2 expression in the nhx1 plants, together with the upregulation of the chloroplast NDH complex subunits (Table 3) , support the possible effect(s) of altered ion homeostasis on nucleus-chloroplast communication.
A number of processing-related transcripts were significantly reduced during salt stress in nhx1 but were not significantly altered in the wild type (although several showed similar trends). Included among these are a DnaJdomain [PF00226] protein (ARG1/At1g68370) that has been implicated to play an important role in gravitropism and potentially interact with the cytoskeleton (Sedbrook et al., 1999) , a putative DnaJ protein (AtJ6/At5g06910), a c-SNAP [PF02071] protein (At4g20410) involved in intracellular membrane fusion and vesicular trafficking (Stenbeck, 1998) , and a vacuolar sorting receptor (AtELP3/At4g20110) that is involved in the transport of vacuolar proteins (Ahmed et al., 2000) , a putative clathrin-binding protein with ENTH [PF01417] and proline extensin [PF04554] domains (At2g43160), a mitochondrial import inner membrane translocase subunit family [PF02466] member (At1g18320), a COP1-interacting (CIP4/At4g00930) that promotes photomorphogenesis (Yamamoto et al., 2001) , and a protein (SSE1/At2g45690) that is required for protein and oil body biogenesis and plays a role in the transport of plasma membrane and cell wall-associated proteins (Lin et al., 1999) (Table 4) . Although the regulation of intravesicular trafficking in plants by cellular ion homeostasis is not yet clear, the downregulation of transcripts encoding proteins that are part of intracellular trafficking in the knockout plants emphasizes the importance of AtNHX1 in these processes.
Lack of overlap between comparisons highlights the role of AtNHX1
There was very little overlap between the comparisons that were analyzed for this study. The number of significantly affected transcripts had no more than 6% in common between any given comparison (Figure 4) , and because of this low percentage, it could be argued that some of these overlapping transcripts represent statistical outliers. Nevertheless, it is possible that these transcripts and/or their products have important roles related to AtNHX1 and/or to salt response. All of the overlapping salt-responsive transcripts that changed significantly in both wild-type and knockout lines displayed similar trends with respect to control treatments (with only one exception, see below). This correlation would assert that the Impact of nhx1 on gene expression 763 differences seen were not due primarily to chance, but rather due to real changes caused by a similar stress treatment. Although the significance of all the commonly affected, overlapping transcripts, remains to be determined, the following discussion intends to highlight some of the key overlapping transcripts found.
Transcripts affected by salt independently of AtNHX1. Transcripts that are altered by salt stress conditions in both plant lines would indicate that the response of these transcripts to stress was independent of AtNHX1. Only 14 and 18 transcripts were significantly increased or decreased, respectively, by salt in both lines. This low percentage of overlapping transcripts suggests that the absence of AtNHX1 dramatically altered the response of the plants to salt. Among the transcripts that increased, a non-specific lipid transfer protein (LPT3/At5g59320) (Table 5) appears to be secreted to the cell wall and induced by ABA treatment (Arondel et al., 2000) and salt (Jung et al., 2003) . Other putative lipid-transfer proteins were either increased or decreased (Tables 3 and 4) by salt, yet only one (pEARLI1-like/At4g12510 -increased in nhx1) did not show a corresponding trend between the lines. Lipid transfer proteins have been implicated in many processes such as membrane augmentation, signaling, cell wall and wax assembly, and defense mechanisms (Arondel et al., 2000 and references therein), although their role during salt stress is not yet clear.
Another overlapping salt-induced gene (WOX2/ At5g59340) (Table 5 ) is similar to the homeobox transcription factor WUSCHEL (WUS/At2g17950) and may therefore be playing a role in development and/or organ identity processes such as the transition to flowering (Lenhard et al., 2002) . Although the significance of this transcript to Arabidopsis seedling and the response to salt is uncertain, WOX2 is functionally required for the correct development of the embryonic apical domain (Haecker et al., 2004) . The increase in WOX2 expression could be related to the early flowering seen in both wild-type and knockout plants under salt stress . Also induced in both lines were transcripts encoding a putative calcium-binding EF-hand protein (RD20/At2g33380) ( Table 5 ) induced by abiotic stress (Takahashi et al., 2000) . The putative role of RD20 during salt stress is not clear; nevertheless, its induction indicates the stress response imposed by the presence of 100 mM NaCl in the growth medium.
The increase in transcription of a glyoxalase I (lactoylglutathione lyase) family [PF00903] gene (At2g28420) seen in both lines (Table 5) is supported by previous studies that have shown the upregulation of this enzyme due to salt stress in tomato (Espartero et al., 1995) . Moreover, its overexpression in tobacco conferred salt tolerance to the transgenic plants and its role during salt stress most likely contributes to detoxification of active oxygen species (enhancing glutathione levels) generated during stress (Singla-Pareek et al., 2003) . Several glutaredoxin-like and glutathione transferase-like transcripts were downregulated, either significantly in both lines, or significant in one line with a similar trend in the other line, and only one glutaredoxin-like was enhanced in both lines (Tables 3, 4 and 5). Glutathione pools are under homeostatic control, and glutathione redox state appears to be constant in leaves (Noctor et al., 2002, and references therein) . Thus, the significance of this differential expression is difficult to determine at this point. However, the similarity of the response in both plant lines would suggest an adjustment to salt stress that occurs independently of AtNHX1. On the contrary, two transcripts encoding a glutathione-conjugate transporter (AtMRP4/At2g47800) and a phospholipid hydroperoxide glutathione peroxidase (AtGPX6/At4g11600) were significantly upregulated in the wild-type and not in the knockout plants (Table 3 ). The latter protein responds to a variety of abiotic stress and hormonal treatments (Milla et al., 2003) . Perhaps the altered status of the nhx1 line causes the differential expression of these stress-related transcripts, although a more direct interaction cannot be ruled out and may merit further investigation.
Eighteen transcripts were downregulated by salt in both lines (Table 5 ) and the encoded proteins have a variety of functional roles, although their specific roles in the salt (a) Transcripts displaying significantly increased levels of expression in response to 2 weeks of salt treatment in both the wild-type plants (left circle) and the nhx1 plants (right circle) and the number of transcripts that overlap for these comparisons (shaded areas). The bottom and top circles correspond to transcripts that have increased or decreased levels of expression, respectively, in the nhx1 plants compared with the wild-type plants grown under control conditions. (b) A similar comparison of the transcripts that displayed decreased expression levels in response to salt. The transcripts found in the overlapping shaded areas are listed in Table 5 . Impact of nhx1 on gene expression 765 stress response remain to be elucidated. One example is KAT1/At5g46240 encoding the guard cell-specific potassium channel KAT1 (Nakamura et al., 1995) , and its downregulation would suggest a compromise of guard cell function during salt stress. Only one transcript showed a significantly opposite response to salt stress in the two lines. This transcript (At1g17450) was induced in nhx1 and reduced in the wild type during salt stress (Tables 3 and 4) and encodes a protein with a weak similarity to the bacterial ATP phosphoribosyltransferase (EC-2.4.2.17). While the role of this protein in plants has not been established, its putative function is the creation of pyrophosphatase using ATP as part of the histidine biosynthesis pathway. A possible contribution to an increase in the pyrophosphate pool in the nhx1 knockout plants in response to salt is merely speculative, and while further investigation is needed, the possible contribution of this one exception is intriguing.
Common responses to lack of AtNHX1 and salt stress. The altered expression of 30 genes was similar in knockout plants (grown in the absence of salt) and wild-type plants grown in salt, and only one gene displayed opposite trends (Figure 4 , Table 5 ). These results would indicate similarities between the condition imposed by the absence of AtNHX1 and the stress condition brought about by the salt treatment.
A transcript encoding a peroxidase ATP N (At5g19890) appeared increasingly more upregulated because of salt stress in the nhx1 line (Table 5 ). Class III peroxidases play a protective role against stress (Tognolli et al., 2002) and the transcripts show moderate increase in expression with salt stress in the wild type as well. This could indicate a stress condition of the nhx1 line that was exacerbated by salt. Peroxidases also influence cell size (Andrews et al., 2002) and this protein may be contributing to the reduced cell size of the nhx1 line . By contrast, a transcript encoding a protein (At1g53885) that is similar to a senescence-associated protein (SAG102) was reduced in nhx1 and further reduced by salt. One transcript was significantly affected in all three of the comparisons of this study, encoding an unclassified transcript with a mutT/nudix domain [PF00293] (At5g47240). Similar proteins prevent oxidative-induced mutagenesis (Fowler et al., 2003) and may metabolize nucleoside phosphates as part of the signal transduction processes (Safrany et al., 1998) but its relevance in plants remains to be investigated.
Conclusions
AtNHX1, a vacuolar Na þ /H þ antiporter of Arabidopsis, plays an important role in ion homeostasis and development, and a T-DNA insertional mutant of AtNHX1 is compromised in both of these biological characteristics . We used the T-DNA insertional mutation of AtNHX1 (nhx1 plants) and Affymetrix ATH1 DNA arrays to assess differences of transcriptional profiles and further characterize the roles of a vacuolar Na
A relatively straightforward approach was used to analyze the DNA microarray data. A combination of cross-wise comparison of replicates and an established method of comparative analysis provided a robust method to determine significance. q-RTPCR analysis asserted the validity of our observations.
Because the plants used in this study were mature, grown in soil and exposed to sub-lethal levels of salt, relatively small changes in gene expression were observed (not many larger than a fourfold response). However, the study of changes in gene expression profiles of soil-grown plants irrigated under control and mild-salt stress regimes provided a good approximation of natural physiological conditions allowing novel insights into the response(s) of Arabidopsis to increased salt concentrations. Interestingly, a larger number of transcripts showed significantly decreased expression (452), rather than increased expression (248), because of salt stress in both the wild-type and Atnhx1 plant lines. This differs from previous expression studies that did not use soil and/or administered more severe stress (Kawasaki et al., 2001; Kreps et al., 2002; Seki et al., 2002) , and emphasizes the significant influence of growth conditions on gene expression.
Notably, there were very few similarities between the gene expression profiles. The comparison of transcription between the nhx1 and wild-type plants suggests that the AtNHX1 antiporter affects the expression of a variety of plant genes. Furthermore, the absence of functional AtNHX1 appears to significantly alter the profile of salt-responsive transcripts. Moreover, as only a few of the salt-responsive transcripts overlapped with those genes showing induced or reduced expression in the nhx1 plants, this would imply that most of these latter transcripts did not return to wild-type levels and remained at altered levels.
While there were many notable findings from this study of the Arabidopsis transcriptome, a few stand out as particularly interesting to the role of the AtNHX1 antiporter. Analyses of the transcriptional profile of the AtNHX1 knockout plants growing both in the absence and presence of salt revealed changes in expression of genes encoding proteins associated with intravesicular trafficking (dynamin, clathrin-coated proteins, clathrin-binding proteins, DnaJ, c SNAP, vacuolarsorting proteins, etc.), trafficking to the nucleus (karyopherin, importin, etc.), and Golgi processing (N-acetylglucosaminyl transferase, UBX) supporting the notion that, similar to the yeast ortholog Nhx1p (Ali et al., 2004) , AtNHX1 plays a significant role in protein trafficking and protein targeting, probably via regulation of the acidic intravesicular pH. In addition, relative changes in the expression of NADH dehydrogenase and cytochrome c oxidase subunits, together with the downregulation of GUN4 and CRR2 would suggest a link between the altered ion homeostasis (due to the lack of AtNHX1) and the expression and/or assembly of the chloroplast and mitochondrial complexes. Our results suggest that there may also be a link between cellular copper transport/signaling and AtNHX1 function.
Remarkably, very few genes encoding ion transporters were affected in nhx1 plants. In these plants an increased expression of KUP7/HAK7 was seen, and a reduction in a putative K þ /H þ antiporter (KEA4) was also observed in the presence of salt. Although the significance of these changes is not clear, these results support the importance of the vacuolar antiporter AtNHX1 in cellular K þ homeostasis.
It is quite feasible that the changes observed in this study do not reflect the transient effects during other stages of Impact of nhx1 on gene expression 767 growth and the stress response (Kreps et al., 2002; Seki et al., 2002) . In order to clarify the role of AtNHX1 during the early stages of stress (osmotic and ion balance) and growth (cell division, cell expansion, source/sink transitions, etc.) transcriptome analyses at shorter time intervals of salt stress are needed. These experiments are now in progress.
Experimental procedures
Plant material
Two lines of A. thaliana ecotype Wassilewskija were used for this study, wild-type line (WS) and a nhx1 'knockout' line with a T-DNA insertion in the ninth exon of the AtNHX1 gene . The plants were grown for a total of 30 days prior to RNA extraction. The growth period was initiated by the germination of bleachsterilized seeds on 8% agar plates containing 5% sucrose and a modified MS growth medium used by Apse et al. (2003) . Seedlings were grown under a 12-h photoperiod at 22°C in a growth chamber (Model CU-36L; Percival Scientific, Perry, IA, USA). Seeds were plated in Petri dishes at an even density of approximately 1 seed cm
. After 2 weeks of growth, the seedlings were transferred to moist soil (MetroMix 200; Scotts Sierra Horticulture Products, Marysville, OH, USA). Seedlings (five per pot) were grown on 100 ml pots (Kord Products, Bramalea, Ont., Canada). The pots were covered with a transparent plastic cover and grown in a growth chamber (Model AC-40 Controller 6000; Enconair, Winnipeg, MB, Canada) at 22°C under a short-day cycle (8 h light, 16 h dark) in order to increase the leaf area and growth of seedlings while not promoting bolting. Following a 2-day acclimation period, plants were watered to soil saturation using the growth medium described above, without sucrose. Watering was repeated every 3-4 days. A week before harvest inflorescence tissues were removed to further emphasize leaf growth and to help minimize developmental differences among plants. At harvest, all plant tissue, except for roots and inflorescences, was immediately frozen under liquid nitrogen. Plants subjected to salt stress were watered for 2 weeks with growth medium supplemented with 100 mM NaCl. Independent biological samples were harvested and subsets (22-25 plants) were pooled and selected for subsequent analysis. Four samples for control treatments and three salt-stressed samples of both the WS and the AtNHX1 lines were selected.
RNA extraction and GeneChipÒ hybridization
Each pool of tissue for RNA extraction consisted of material from 22-25 plants (approximately 3 g of fresh tissue). Frozen tissue was ground to powder using an RNase-free mortar and pestle and RNA was extracted by a modification of the hot-phenol method (Verwoerd et al., 1989) . After quality confirmation by agarose gel analysis and RT-PCR, the extracted RNA was prepared for array analysis as described by the manufacturer (AffymetrixÒ GeneChipÒ Expression Analysis Technical Manual; http://www.affymetrix.com), using the chemicals and reagents suggested. Briefly, ds-cDNA was made from total RNA, followed by formation of biotin-labeled cRNA, which was purified and fractionated prior to hybridization on individual gene chips. After overnight hybridization, the chips were stained with streptavidin-phycoerythrin and biotinylated anti-streptavidin antibody, then scanned by laser, producing a data image software file, the basis for quantifying and comparing relative transcript levels. Quantification of the data files depends on a number of mathematical factors as optimized by AffymetrixÒ (http:// www.affymetrix.com/support/technical/technotes/statistical_ algorithms_technote.pdf) but is primarily based on the hybridization of experimental RNA to 11 sets of representative 25-mer probes on the chip, each set consisting of both a perfect match and a single mismatch oligomer sequence complementing unique portions of different transcripts. For this study, the AffymetrixÒ ATH1-121501 Genome Array GeneChipÒ was used, containing probe sets for 22 746 predicted and known expressed Arabidopsis genes.
Data analysis
Data images produced after microarray scanning were interpreted by AffymetrixÒ Microarray Suite 5.0 (MAS 5.0) software with scaling of all probe sets to a target value of 500. The purpose of this chipwide scaling was to minimize chip-to-chip difference in overall hybridization intensities (http://www.affymetrix.com/Auth/support/ downloads/manuals/data_analysis_fundamentals_manual.pdf). A text file of all the data was produced and any transcript that did not generate a detection P-value <0.05 (http://www.affymetrix.com/ support/technical/technotes/statistical_reference_guide.pdf) for at least three chips was removed from the analysis (the default P-value cut-off for a 'present' expression call is 0.065). This left 13 144 genes for further analysis. This filter eliminated 9602 genes with unreliable expression data; that was either too low to be considered significantly 'present' or had match/mismatch ratios that were too high to rule out non-specific binding of the probes. This also eliminated the large majority of transcripts with non-normal distribution of detection value data generated by MAS 5.0 algorithms (Giles and Kipling, 2003) . Data from the remaining 13 144 genes were first normalized to an invariant set using dChip v1.2 computer software (http:// www.dchip.org/; Li and Wong, 2001 ) before export into MicrosoftÒ ExcelÒ (Microsoft Corp., Redmond, WA, USA) as separate data sets for each chip in spreadsheet form.
A cross-wise log 2 ratio analysis was performed using the data generated after invariant set normalization. The raw numerical numbers for each replicate of the experimental data were divided by each replicate of the baseline data. For example, with three replicates of a treated sample and four replicates of the untreated sample, 12 different comparisons were generated ( Figure 5 ). These comparisons were log-transformed (base 2) and averaged. As a cut-off, the average log ratio of a comparison needed to be more than two standard errors from a log change ratio of 0.585. This value corresponds to a 95% degree of certainty that the true mean represents at least a 50% deviation from the baseline control. To add further to the certainty of the differences between the experimental setups, one-tailed Student's t-tests (homoscedastic) were used to evaluate the statistical significance of the difference of expression data values used for comparisons. A cutoff of P < 0.05 was used, signifying 95% certainty that the two sets of values compared were from different populations and therefore distinct. Transcripts with detection levels that met both these criteria were regarded as significantly altered in expression and are emphasized for this study. (Data for the gene transcripts that meet either of the criteria sets can be found at http:// blumwald.ucdavis.edu/microarrays.)
Functional classification
In order to classify genes of interest with significant changes in expression level detection, the MIPS MATDB web database (http://mips.gsf.de/proj/thal/db/index.html) was consulted. The TIGR (http://www.tigr.org/tdb/e2k1/ath1/index.shtml) and TAIR (http://www.arabidopsis.org) web databases were also used for less certain classifications. Genes were classified according to their most likely role, and an assignment of 'unclassified' was given in those cases where either a predicted function or similarity with other known genes of known function was not apparent. All classifications are based on information available at the time of analysis, and may have since been revised or updated.
Functional classifications are based on the following criteria: Unclassified: no putative function or similarity to other genes were determined. Transcription: genes encoding putative DNA-binding proteins -such as transcription factors, DNA repair proteins, and mRNA-processing proteins -but not including genes encoding proteins likely involved with cell cycle/DNA synthesis. Transport/ion homeostasis: genes encoding transporters (ion, sugar, amino acid, etc.) and ion-binding proteins, excluding those genes encoding proteins likely involved in energy-related transport and Signaling. Metabolism: includes genes encoding for proteins that are putatively involved in metabolic processes such as biosynthesis and other enzymatic reactions but not including energy-related enzymes or structure-related metabolites. Translation: includes genes encoding proteins associated with ribosomal complexes and other key enzymes involved in protein synthesis. Signaling: genes encoding those proteins involved in signal transduction and perception such as kinases, phosphatases, and calcium-binding proteins. Energy transduction: includes genes encoding proteins involved in energy transduction within the plant such as those associated with photosynthesis, respiration, and general redox reactions. Also includes genes encoded by either the chloroplast or mitochondria genomes. Processing: genes encoding proteins involved in the modification, transport, and/or degradation of proteins; for example; vesicular trafficking proteins, chaperones, and proteases. Growth/structure: genes encoding proteins with the primary function of regulating and promoting cell division and genes encoding proteins that make up the cell structure, including cytoskeletal elements and cell wall components. Defense: includes genes encoding proteins most closely associated with the plant response to disease.
Protein families and domains are referenced by the Sanger Institute Pfam database (http://www.sanger.ac.uk/Software/Pfam/) and are annotated as [PFXXXXX] where appropriate.
Quantitative reverse transcriptase PCR cDNA was synthesized using the iScript TM cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA, USA) under the conditions suggested by the manufacturer using as starting material the same RNA samples that were used for microarray analysis. Realtime PCR was subsequently performed with the iQ TM SYBRÒ Green Supermix (Bio-Rad Laboratories) according to guidelines specified by the manufacturer. For signal detection, the iCycler Optical System (Bio-Rad Laboratories) was used. Four or more standards using different known dilutions were run with every reaction for quantification purposes. Eighteen genes with at least one significant sample difference based on microarray data were selected for q-RTPCR analysis, along with a single gene that did not (At4g39350). Three or more independent qRT-PCR replicates of the 18 selected genes were performed with each sample type (wild type, salt-stressed wild type, nhx1, salt-stressed nhx1) and run simultaneously. Data for each replicate set were scaled as needed to adjust for standardization discrepancies. Log 2 ratios for each replicate and their averages and standard errors were calculated. Primers were designed based on the probe sequences used by AffymetrixÒ with a target size range between 280 and 320 base pairs (Table S1 ).
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